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Introduction
The activity of circulating platelets is tightly regulated to prevent the spontaneous formation of platelet aggregates 1 . Thus, circulating platelets are inactive until they adhere to exposed subendothelial matrix or are stimulated by soluble agonists such as ADP and thrombin. Each activating event is associated with a change in platelet shape, reorganization of the platelet cytoskeleton, secretion of platelet granules, and an increase in the affinity of the integrin IIb 3
for soluble ligands such as fibrinogen and von Willebrand factor. The latter is responsible for platelet aggregation when the macromolecular ligands bind to activated IIb 3 and bridge adjacent platelets 2 .
Although the activation state of IIb 3 is normally regulated by agonist-generated "inside-out" signaling 1 , IIb 3 can also be activated experimentally by perturbing the conformation of its extracellular domain using Mn 2+ ions 3, 4 or the reducing agent dithiothreitol (DTT) 5, 6 . Thus, in platelets, Mn 2+ has been reported to activate v 3 and IIb 3, thereby promoting their interaction with ligands such as fibrinogen, von Willebrand factor, vitronectin, and osteopontin, mimicking the consequences of conventional inside-out signaling 3, 4 . Mn 2+ also stabilizes platelet-fibrinogen interactions 7 . Moreover, in experiments using purified integrins, Mn 2+ affects the binding kinetics, affinity, and specificity towards synthetic and natural ligands [8] [9] [10] [11] .
Mn 2+ -induced changes in integrin function have been attributed to specific conformational rearrangements in the integrin ectodomain 12 , a suggestion supported by electron microscope studies showing that Mn 2+ promotes the opening of integrin molecules into extended structures [13] [14] [15] .
For personal use only. on . by guest www.bloodjournal.org From 4 Millimolar concentrations of DTT also induce platelet aggregation by directly stimulating ligand binding to IIb 3 5, 6 . How DTT activates IIb 3 is unclear. 3 has been reported to contain an extracellular redox site that is associated with the presence of 2 unpaired cysteines in inactive IIb 3 and 6 unpaired cysteines following exposure of IIb 3 to DTT 16 . However, the identity of the putatively unpaired cysteines in either inactive or active forms of IIb 3 has not been determined and it has been proposed that IIb 3 activation by DTT may involve disulfide bond rearrangement of the originally unpaired cysteines, as well as overall bond reduction 16, 17 .
The ability of Mn 2+ and DTT to enhance integrin function, as well as perturb the conformation of integrin ectodomains, provides an opportunity to test the hypothesis that there is an equilibrium between inactive and active integrin activation states that is consequence of a reversible structural rearrangement of the entire integrin molecule. To address this hypothesis, we used transmission electron microscopy to probe for structural differences between IIb 3 in the presence of Ca 2+ , Mn 2+ , and DTT and laser tweezers-based force spectroscopy to measure the fibrinogen-binding function of the integrin in the presence of each at the single molecule level.
We found that both Mn 2+ and DTT increase the probability of specific interactions between 
Methods
Laser Tweezers Measurements -Using laser tweezers to measure integrin function on platelets has been described previously in detail 18 . Briefly, we used a custom-built laser tweezers setup assembled from a Nikon Diaphot 300 inverted microscope, 100x 1.3NA Fluor lens and a Spectra Physics FCBar Nd:YAG laser to measure the strength of fibrinogen binding to human platelets or purified IIb 3 in the presence of either Ca 2+ or Mn 2+ . For these measurements, human fibrinogen (American Diagnostica, Inc.) was covalently bound to 0.93 µm carboxylate-modified latex beads using EDAC as a cross-linking agent in a two-step procedure described in the TechNote #205 issued by Bangs Laboratories, Inc. Before use, the fibrinogen-coated beads were disaggregated by mild sonication and used at a concentration of 10 7 /ml. For studies using purified human IIb 3, the purified integrin (Enzyme Research Laboratories, Inc.) at a concentration of 1 mg/ml in 0.01 M HEPES buffer, pH 7.4, containing 60 mM octyl-glucoside was bound covalently to polyacrylamide-coated 1.4 µm silica pedestals using glutaraldehyde as previously described 18 . Prior to immobilization, the IIb 3 was pre-incubated with either 1 mM Interactions between fibrinogen and purified IIb 3 were studied in 0.1 M HEPES buffer, pH 7.4, containing 2 mg/ml bovine serum albumin, 0.1% Triton X-100, and either 1 mM CaCl 2 , 1 mM MnCl 2 , or 5 mM DTT/1 mM CaCl 2 . To measure fibrinogen binding to IIb 3 on living platelets, an individual platelet was trapped from a suspension of gel-filtered human platelets containing 5 x10 6 platelets/ml and 10 5 /ml fibrinogen-coated beads and manually attached to a 5 µm diameter silica pedestal coated with polylysine 18 . All experiments with unstimulated platelets were performed in a 4 mM HEPES gel-filtration buffer, pH 7.4, containing 135 mM To measure the rupture force between fibrinogen and either purified IIb 3 or IIb 3 on platelets, a fibrinogen-coated bead, trapped by the laser light, was brought to a distance of 2-3 µm from the IIb 3-coated pedestal or immobilized platelet. After oscillation of the bead was initiated at 5 Hz or 50 Hz with 0.8 µm peak-to-peak amplitude, the bead was brought into contact with the platelet or the pedestal by micromanipulation using a keyboard-controlled piezoelectric stage. Data collection was initiated at the first contact between the bead and the platelet or pedestal. Rupture forces following repeated contacts between the platelet or the pedestal and the bead were collected for periods of several seconds to one minute and were displayed as Accordingly, rupture forces in this range were not considered when the data were analyzed. 
Results

Interaction of Mn
2+
-treated platelets with fibrinogen -When probed by laser tweezers-based force spectroscopy, the vast majority of the interactions between surface-bound fibrinogen and unstimulated platelets in the presence of Ca 2+ were characterized by rupture forces that ranged from 10 pN to several tens of pN. Moreover, the probability of detecting these rupture forces decreased exponentially as the rupture force increased (Fig. 1A) . However, the same platelets incubated with 1 mM MnCl 2 for 5 minutes at 25°C were highly reactive with fibrinogen-coated beads, producing a peak in the histogram of rupture forces that ranged from 60 to 110 pN (Fig.   1B) . Thus, the cumulative probability of detecting rupture forces >60 pN, which we previously found to be specific for fibrinogen binding to IIb 3 18 , increased nearly 20-fold. resulted from an increase in the affinity of individual IIb 3 molecules and was independent of possible Mn 2+ -induced changes in the platelet membrane, we measured rupture forces between fibrinogen-coated beads and purified IIb 3 that had been pre-incubated with 1 mM Mn 2+ or 1 mM Ca 2+ . Consistent with our previously reported laser tweezers measurements using purified IIb 3 18 , we found that the cumulative probability of detecting rupture forces >60 pN was 2.1% 9 in the presence of 1 mM Ca 2+ , indicating that some of the purified IIb 3 was in an active conformation ( Fig. 2A) . Others have observed that approximately 10% of the IIb 3 isolated from platelets is in an active conformation 22 . Nonetheless, as shown in Fig. 2B , the Mn 2+ -treated preparations were much more reactive with fibrinogen-coated surfaces, such that the cumulative probability of detecting rupture forces >60 pN increased to 4.5%. The ability of the IIb 3 antagonists tirofiban and abciximab to decrease this probability to 0.4% confirmed that rupture forces >60 pN resulted from fibrinogen bound to IIb 3 (Figs. 2C and 2D). It is noteworthy that despite the presence of Mn 2+ , the yield strength of IIb 3-fibrinogen binding was not changed substantially, whereas the cumulative probability of specific rupture forces >60 pN increased more than 2-fold. Thus, these results are consistent with the hypothesis that Mn From the observations of more than two thousand individual images, we were able to distribute IIb 3 molecules into three groups. Group 1 consists of relatively compact molecules in which the stalks appear to touch ("closed" images) ( Although each group was present regardless whether IIb 3 had been incubated with Ca 2+ or Mn 2+ , the distribution was significantly different. As shown in Table 1 of the open forms of IIb 3 in the presence of Mn 2+ consisted of dimers, trimers, and higher order oligomers (Fig. 4, A-C) . Moreover, as shown in Fig. 4D , the distribution of monomers, dimers, trimers, and higher order oligomers could be fit to an exponential function (Fig. 4D) It is currently thought that integrins such as IIb 3 reside on cell surfaces in a thermodynamic equilibrium between inactive and active conformations that can be perturbed by altering the relative position of an integrin and stalks 13, 34 . An essential element of this hypothesis is that the equilibrium can also be perturbed by altering the conformation of the integrin extracellular domain. To test this premise, we used laser tweezers-based force spectroscopy and electron microscopy to correlate the functional and ultrastructural consequences of exposing the platelet integrin IIb 3 to either Mn 2+ or DTT. Laser tweezers are an optical system in which external forces applied to a spherical particle trapped by a laser can be accurately measured because the angular deflection of the laser beam is directly proportional to the lateral force applied to the particle and are sensitive and accurate at the lower end of the force spectrum (0-150 pN) 39, 40 .
Previously, we found that specific binding of fibrinogen to IIb 3 resulted in rupture forces ranging from 60-150 pN and an average yield strength of 80-100 pN 18 . Because the specific rupture forces occurred as a single well-defined peak, they likely represent the interaction of Although IIb 3 activation by DTT likely involves overall disulfide bond reduction, as well disulfide bond rearrangement 16 , the identity of the cysteines involved is not clear. Because
IIb 3 activation appears to involve changes in the conformation of A and hybrid domains 44, [46] [47] , it would be logical to assume that the relevant cysteines are located in these domains, an assumption consistent with the changes in the dimensions of the IIb 3 headpiece that we detect in the presence of DTT. Nonetheless, the free cysteines identified when IIb 3 is exposed to mild reducing conditions are located in the epidermal growth factor-like repeats that constitute the 3 stalk 16, 38 , as is an activating Cys583 Tyr mutation 17 . Thus, it is likely that the perturbed disulfide bonds that are responsible for IIb 3 activation by DTT remain to be identified. For personal use only. on October 31, 2017. by guest www.bloodjournal.org From
